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Initiation of Drosophila peripheral nervous system (PNS) development requires the achaete±scute complex (AS-C) and
the atonal (ato) genes. The AS-C and ato encode basic helix-loop-helix (bHLH) transcription factors that dimerize in vitro
with another bHLH protein, daughterless (da). da has many functions during Drosophila embryonic development, as it is
required for proper sex determination, oogenesis, and neurogenesis. Here, we examine the expression and function of da
within the developing Drosophila eye. The use of a monoclonal antibody to the Da protein revealed that Da levels are
modulated across the developing eye disc. Within the morphogenetic furrow (MF) and photoreceptor cell R8, there is a
cell-by-cell correspondence between high levels of Da protein expression and Ato protein expression. Mosaic analysis of
adult tissue demonstrates that da function is cell autonomous and required within R2, R3, R4, R5, and R8. Examination
of gene expression in da0 imaginal disc clones reveals that da regulates Ato expression in the MF, affects the progression
of the MF, and is necessary for the reestablishment of the G2 and M phases of the synchronized cell cycle posterior to the
MF. q 1996 Academic Press, Inc.
INTRODUCTION neuronal competency to those cells (Romani et al., 1989;
Cubas et al., 1991; Skeath and Carroll, 1991; Jarman et al.,
1993). Only one or a few cells within each cluster are se-Nervous system formation in Drosophila melanogaster
lected to become a neuronal precursor and express highis a multistep process that begins with the selection of neu-
levels of the appropriate proneural gene. This selection pro-ronal precursor cells (proneural cells) from a population of
cess is known as lateral inhibition and is regulated by theepidermal cells. The mechanism of proneural cell determi-
neurogenic genes (reviewed in Campos-Ortega, 1988; Arta-nation has been most intensely studied in the developing
vanis-Tsakonas and Simpson, 1991; Ghysen et al., 1993).Drosophila PNS and requires the proneural genes of the AS-
Drosophila eye development is a reiterated processC complex and ato (Ghysen and Dambly-Chaudiere, 1989;
whereby 800 unit eyes (or ommatidia) form in a stereotypi-Jan and Jan, 1990; Campuzano and Modelell, 1992; Cabrera,
cal and highly patterned manner. Each mature ommatidium1992; Jarman et al., 1993). The proneural genes encode pro-
is composed of photoreceptor, cone, and pigment cells thatteins containing a bHLH DNA-binding domain, placing
use positional cues rather than lineage restrictions to as-them within a larger gene family of bHLH transcription
sume their correct fates (Ready et al., 1976; Lawrence andfactors that includes myc and MyoD (Villares and Cabrera,
Green, 1979). The ¯y eye forms progressively, as the inden-1987; Murre et al., 1989a). The proneural genes are initially
tation known as the morphogenetic furrow (MF) traversesexpressed in discrete clusters of ectodermal cells and confer
the eye precursor (or imaginal disc) from posterior to ante-
rior during third larval instar. Ahead of the MF cells are
undifferentiated, while within and posterior to the MF a1 Present address: Department of Biology, University of Michi-
temporal progression of photoreceptor cell neuronal devel-gan, Ann Arbor, MI 48109.
opment occurs (see Wolff and Ready, 1993; Heberlein and2 To whom correspondence should be addressed. Fax: 608-262-
9343. E-mail: sbcarrol@facstaff.wisc.edu. Moses, 1995 for reviews).
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The movement of the MF (and hence the progression of spatiotemporally restricted class B HLH protein (such as
AS-C or Ato proteins), thereby forming a functional hetero-eye development) is controlled by cells ahead of, within,
and behind the MF (Brown et al., 1995; Heberlein et al., dimeric DNA-binding protein (Murre et al., 1989b). This
hypothesis is supported by the failure of the entire PNS to1995; Jarman et al., 1995; Ma and Moses, 1995; Pan and
Rubin, 1995; Strutt et al., 1995). The molecular nature of differentiate in da null mutations (whereas mutations that
remove one, several, or all of the AS-C genes or ato onlythis regulation is believed to occur via a circular pathway
of gene expression and interaction (Brown et al., 1995; He- eliminate subsets of the PNS) as well as the ubiquitous
expression of the da gene product, although at varying lev-berlein and Moses, 1995). Brie¯y, differentiated cells secrete
the hedgehog (hh) gene product, which diffuses anteriorly els, in both the Drosophila embryo and imaginal discs
(Cronmiller and Cummings, 1993; Vaessin et al., 1994). Theinto the MF and induces the expression of another secreted
protein, decapentaplegic (dpp), also required for MF propa- regulation of Da expression, while subtle in nature, suggests
that different levels of Da protein may be required for differ-gation (Ma et al., 1993; Heberlein et al., 1993). Additionally,
hh activates the expression of several other genes, each in- ent da-dependent processes.
Here, we analyze da function during photoreceptor cellvolved in a different aspect of progressive eye development.
Heberlein et al. (1995) have recently shown that ectopic hh development. To take advantage of the ability to analyze
gene function at single cell resolution (Rubin, 1989), weexpression is suf®cient to induce the expression of ato (the
photoreceptor cell proneural gene), string (expressed by cells have analyzed homozygous da0 mutant clones in both the
developing eye imaginal disc and the adult eye. We ®ndthat synchronize their cell cycle immediately anterior to
the MF), and hairy (also expressed by cells immediately that da is required by all photoreceptor cells that differenti-
ate within the MF (R2±R5 and particularly R8). We haveanterior to the MF). hairy works in concert with extramac-
rochaetae (emc) to regulate negatively the rate of both MF also investigated potential cross-regulatory interactions be-
tween da and ato and have found that while both genes areprogression and photoreceptor neuronal development
(Brown et al., 1995). Therefore, hh appears to induce the independently activated within the eye disc, proper mainte-
nance of both Da and Ato expression is dependent upon theprogression of each wave of cells into the MF (through dpp),
as well as to ensure that neuronal differentiation initiates other protein. Our analysis of patches of da0 MF cells also
revealed that loss of da disrupts the progression of the MFat the proper time and place (through ato and hairy). Yet,
the continued presence of hh requires the formation of new and that this effect is mediated by the loss of both hh and
dpp in da0 clones. Finally, by examining molecular mark-rows of differentiating ommatidia.
Ready et al. (1976) and Wolff and Ready (1991) have pre- ers for particular phases of the cell cycle, we have deter-
mined that da function is critically required for both theviously shown that both cell fate speci®cation and cell pro-
liferation are highly regulated within cells that enter and G2 and M phases of the second mitotic wave posterior to
the MF.travel through the MF. All eye disc cells become synchro-
nized within the G1 phase of the cell cycle as they enter
into the MF and differentiate (Ready et al., 1976; Wolff and
Ready, 1991; Thomas et al., 1994). One cell within each MATERIALS AND METHODS
forming ommatidium differentiates ®rst to become the om-
matidial founder photoreceptor cell, R8. R8 is believed to Drosophila Stocks
induce the formation of R2 and R5 (the next photoreceptor
Flies homozygous for the A2-6 sca enhancer trap line or P(w/)34E
cells to differentiate), which is followed by the formation of were a gift from Todd Laverty of G. Rubin's laboratory. daUX136,
R3 and R4. As these mature ®ve-cell ommatidial preclusters daIIB31, and ato1 ¯ies were generously provided by Michael Brand,
exit the MF, the remaining undifferentiated cells reenter Mike Caudy, and Andrew Jarman. Flies containing the second chro-
the cell cycle and undergo a synchronous round of mitosis. mosome FRT insertion at chromosome band 40A (40-w/), the cell
marking myc epitope/40A FRT insertions (2L 40-2pM), and theThis second mitotic wave gives birth to precursor cells for
X-linked heat-shock promoter-FLP recombinase (w1118P(hs FLP1))the remaining photoreceptor cells (R1, R6, and R7) and the
were obtained from the Bloomington Drosophila Stock Center.accessory cells. The initiation of R8 selection, the ®rst dif-
Flies containing a-tubulin/b-gal transgene on 2L were the generousferentiative process in this cascade of events, is poorly un-
gift of Teresa Orenic. p30 hh ¯ies, homozygous for a hedgehogderstood, although it clearly requires the proneural function
enhancer trap insertion, were kindly provided by Andrea Pentonof the ato gene (Jarman et al., 1994, 1995). Neuronal photo-
and F. Michael Hoffmann.
receptor cells fail to form in the absence of ato function
causing massive cell death, which results in nearly eyeless
¯ies (Jarman et al., 1994). Generation of da Mosaic Clones
The AS-C and ato, in addition to their encoded protein
Heterozygotes for mosaic analysis using w as a marker (adultmotif and their similar functions, have also been shown to
clones) were generated by crossing w-;daallele/CyO males to
bind in vitro to another bHLH protein, Da (Murre et al., w1118;P(w/)34E females. X-irradiation (1200 Rads) of the progeny
1989b; Cabrera and Alonso, 1991; Van Doren et al., 1991; was done between 24 and 36 hr of development on a Phillips X-
Jarman et al., 1993). The Da protein has been previously ray machine. Clones were produced at a frequency of 1 in 40 ¯ies
proposed to act as a general class A HLH protein (similar for both da alleles. Heterozygotes for mosaic analysis using ubiqui-
tous b-galactosidase expression under control of the constitutiveto the vertebrate E12 and E47 genes) that dimerizes with a
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a-tubulin promoter (as an imaginal disc marker of wild-type tissue) 2.5 (Adobe Software) and printed on a Tektronix Phase IIsdx dye-
sublimination printer.were produced by generating w-;daallele FRT/CyO ¯ies and crossing
males to w1118P(hsFLP 1);P(a-tub/b-gal)2LFRT females. First instar
progeny were subjected to a 60-min heat shock to induce the FLP
recombinase. Third instar eye discs were ®xed and stained with X- Histology
gal to screen for the presence of mutant clones. Those discs con-
Adult Drosophila heads were ®xed and embedded in Eponatetaining clones were then stained with 22C10 (see below for details).
resin as described by Brown et al. (1991). Sections (0.5 mm) wereImaginal disc mosaic analysis using the myc epitope marking sys-
mounted in Polymount medium (Polysciences) and viewed undertem (Xu and Rubin, 1993) was performed by mating daUX136/GlaBc
phase-contrast optics on a Zeiss axiophot microscope.males with 402pM females (for gamma irradiation) or with
wFLP1;402pM females (for FLPase). First instar progeny were either
subjected to 4000 Rads of gamma irradiation or heat shocked for 2
hr at 377C (thereby activating FLPase) to induce mitotic recombina- RESULTStion. Bc/ third instar larvae were heat shocked to activate the myc
epitope tag, dissected, ®xed. and stained with anti-Myc, anti-
da Function Is Required in the MF forAtonal, anti-dpp, anti-b-gal, anti-cyclin B, rhodamine-phalloidin,
or propidium iodide (see below). Photoreceptor Cell Determination
The interaction between da and ato in vitro could impli-
cate da in the R8 selection process. Because da null allelesAntibody Generation
are embryonic lethals when homozygous, the potential re-
lac Z±da fusion gene construction, antigen preparation, and anti- quirement for da function in photoreceptor cell develop-
body production are described in Cronmiller and Cummings (1993). ment was examined in X-ray or FLPase-induced clones of
Monoclonal supernatants were prepared at the Monoclonal Anti- homozygous da0 cells (see Materials and Methods). In adult
body Facility at Princeton University (Department of Molecular tissue, homozygous da0(w0) cells most often gave rise to
Biology). Antibody speci®city was determined by testing superna- a narrow anterior±posterior scar across the eye. Rarely, a
tants by Western blotting and in situ staining of da0 embryos
wider clone located in the more anterior region of the eye(data not shown; see Cronmiller and Cummings, 1993 for details).
was identi®ed. Figure 1A is a cross-section through one suchMonoclonal supernatant DAM99-40 was used at a dilution of 1:50
larger clone. An area lacking photoreceptor cells was ob-on eye imaginal discs as described below.
served in the center of the da0 tissue (arrows in Fig. 1A)
surrounded by several mutant mosaic ommatidia. The phe-
notypes observed suggested that da may be critically re-Immunohistochemistry
quired for the normal development of ommatidia, and when
The expression of b-galactosidase in imaginal discs was assayed it is absent during the early stages of ommatidial formation,
by an activity stain using the substrate X-gal (Ghysen and O'Kane, ommatidia fail to form, resulting in scars across the eye and
1989). After overnight staining with X-gal at 257C, imaginal discs
rare large clones lacking ommatidia in the center (Fig. 1A).were rinsed in 0.1 M phosphate buffer, pH 7.2, and immediately
A low incidence of mutant mosaic ommatidia was also ob-blocked for 1 hr using the modi®ed staining protocol of Brown et
served in all clones, and this may re¯ect a strong require-al. (1991). Antibody staining of X-gal stained discs with 22C10 was
ment for da function within developing photoreceptor cells.performed using the same protocol. Eye imaginal discs were stained
with antibodies against Da, Ato, Hairy, 22C10, b-gal, dpp, cyclin When da0 clones were analyzed directly in the devel-
B, or Myc-epitope tag using the buffers and incubations described oping eye disc, we observed that cells within the clone (lac
in Carroll and Whyte (1989) and the multiple labeling strategy out- Z0, see small arrows in Fig. 1B) never express the 22C10
lined in Paddock et al. (1993). Polyclonal antibody against Ato antigen, which is expressed by differentiated photoreceptor
(1:5000) was the kind gift of Andy Jarman. The monoclonal anti- cells R1±R8 (Zipursky et al., 1984). This suggests that pho-
body 22C10 (1:200) was provided by the laboratory of Seymour toreceptor cells require da to become neuronal. To ascertain
Benzer. F. Michael Hoffmann and Andrea Penton provided poly-
which photoreceptor cells need da function, w0 (henceclonal anti-dpp (1:100). Polyclonal anti-cyclin B was generously
da0) R cells in normally constructed adult mosaic omma-provided by David Glover. The anti-human c-Myc hybridoma line
tidia were scored. Tangential sections through mosaic adult1-9E10.2 was obtained from American Type Culture Collection
eyes containing da0 clones (Fig. 1A) demonstrated that phe-and hybridoma culture supernatant was used at a dilution of 1:5.
Polyclonal rat anti-b-gal (1:500) was produced in this laboratory. notypically normal mosaic ommatidia always contained a
Polyclonal anti-Hairy antibody (1:200) has been described pre- w/da/R8 cell (and conversely, a w0da0 R8 cell was never
viously (Brown et al., 1991; Paddock et al., 1993). Rhodamine-phal- observed, see Table 1). This con®rms an absolute require-
loidin (Molecular Probes, Inc.) was included with the last antibody ment for da function within R8 cells. In addition, the other
incubation step of some disc clone experiments at a concentration photoreceptor cells that differentiate within the MF, R2±
of 250 nM. Following an incubation of 3 hr at 47C, disc complexes R5, very strongly require normal da function.
were washed as described in Carroll and Whyte (1989). To highlight
The speci®c requirements for da function in photorecep-mitotic ®gures, propidium iodide was added to the second wash
tor cell neuronal development correlate well with elevatedstep (after tertiary antibody binding) at a concentration of 2 mg/ml.
Da protein expression within the MF and the developingConfocal microscopy was carried out using a Bio-Rad MRC600
R8 cell (see below). This supports the idea that da functionLSCM (Bio-Rad Laboratories, Hercules, CA) as described in Pad-
dock et al. (1993). Images were processed using Adobe Photoshop is necessary for the development and differentiation of those
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FIG. 1. da is autonomously required for the neurogenesis of all photoreceptor cells that differentiate within the furrow. (A) Phase-contrast
light micrograph of a tangential section through mutant and mosaic daIIB31 ommatidia. Wild-type photoreceptor cells are pigmented and
homozygous da0 cells are unpigmented. (B) Bright ®eld micrograph of a third instar eye disc containing both mutant and mosaic daUX136
ommatidia which have been labeled with both X-gal (blue) and the monoclonal antibody 22C10 (brown), which stains differentiated
photoreceptor cells (Zipursky et al., 1984). Wild-type photoreceptor cells contain a transposable element which allows constitutive
expression of lac Z from the Drosophila a-tubulin promoter (T. Orenic, unpublished data). Two clones are present in this eye disc, one
marked by small arrows and the other just anterior to the furrow to the left of the large arrow. The clones of da0 mutant cells lack
differentiated photoreceptor cells (arrows point to a clone in which 22C10 staining is absent in B) in the eye imaginal disc or lack fully
formed ommatidia in the adult eye (arrows in A). Taken together, these phenotypes indicate that da function is critically required for the
proper neuronal differentiation of photoreceptor cells in the imaginal disc. When da is not present during photoreceptor cell development,
subsequent formation of ommatidia cannot occur. Anterior is to the left in both panels and the large arrow in B marks the position of
the furrow. Bar  6 mm in A and 14 mm in B.
FIG. 2. Da expression is upregulated in the MF. Confocal images of wild-type eye discs (A, F±H) and scabrous enhancer trap eye disc
(B±E) stained with the following antibodies: (A, B, F) mouse anti-Da antibody (green); (C) rat anti-bgal (red saturated to white); (D) double
label with mouse anti-Da (green) and rat anti-b-gal (red); (E) triple label with rabbit anti-Hairy (green), mouse anti-Da (purple), and rat
anti-b-gal (red); (G) rabbit anti-Ato (red); (H) double label with mouse anti-Da (green) and rabbit anti-Ato (red). Anterior is to the left in
A±E, up in F±H. Large arrows mark the position of the MF in all panels. Bar  25 mm in A, 50 mm in B±H. Da nuclear protein expression
is nonuniform in the Drosophila eye disc (A, B, F) with low level expression in all cells and elevated expression in a continuous dorsal±
ventral stripe located in the anterior portion of the MF that rapidly resolves into single cell nuclear expression within the differentiating
R8 photoreceptor cell (small arrows in B ±D, F±H). The elevated stripe of Da expression precedes the expression of the sca enhancer trap
in R8 cells. The individual expression patterns of Da protein and sca b-gal within the same sca enhancer trap eye disc are shown in B
and C. The merge of these two confocal images is shown in D. Small arrows in B ±D denote nuclei that are expressing both Da and b-gal
proteins. Elevated, striped Da expression within the MF is also bordered anteriorly by the D±V stripe of Hairy protein (E). The pattern
and position of elevated Da protein expression within the MF are very similar to the expression pattern of the Ato protein. F and G
demonstrate the expression of Da (F) and Ato (G) proteins within the same eye disc. The merged image of these panels is shown in H
and highlights the cell by cell correspondence of nuclear expression of both proteins in a continuous stripe at the anterior side of the MF
(large arrows in F±H) and within forming R8 cells (small arrows in F±H).
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TABLE 1 boundary of elevated Da expression within the MF is adja-
daa Clonal Analysis of Normally Constructed Mosaic Facets cent to but does not overlap the posterior edge of Hairy
protein expression (Fig. 2E). Hairy, a negative regulator of
number w/da/ % neuronal photoreceptor development, is expressed by those
number counted w/da/ % w0da0 cells immediately anterior to (but not within) the MF and
also borders the anterior edge of Ato striped expressionR1 37/101 37 63
(Brown et al., 1995).R2 95/101 94 6
R3 82/101 82 18 Because the position of elevated Da expression is so simi-
R4 95/101 94 6 lar to that of Ato (Jarman et al., 1994, 1995), we directly
R5 97/101 96 4 compared the spatial relationship between these two pro-
R6 39/101 39 61 teins. Eye discs doubly labeled with anti-Da and anti-Ato
R7 42/101 42 58 demonstrate a cell-by-cell correspondence of nuclear label-
R8 101/101 100 0 ing of elevated Da protein expression with Ato protein
within both the MF (large arrow in Fig. 2H) and the nucleia Numerical data are presented for both daUX136 and daIIB31 alleles.
of R8 cells (small arrows in Figs. 2F±2H). The expressionPhenotypically normal mosaic facets  101/130. Mutant mosaic
facets  29/130. of Ato and Da by all cells in the anterior MF and in the
forming R8 cell (Fig. 4 of Jarman et al., 1994 and Figs. 2F±
2H) suggests that the time of action for both of these genes
is prior to overt R8 differentiation (highlighted by sca en-
hancer trap expression).R cells that are determined within the MF. Furthermore,
photoreceptor cells 1, 6, and 7 have no requirement for nor- HLH proteins can cross-regulate each other in cells where
they are coexpressed (Martinez and Modolell, 1991), sug-mal da gene function (Table 1), most likely because they
are born from a mitotic division that occurs posterior to the gesting the possibility of cross-regulation between da and
ato within the MF of the developing eye. Therefore, wefurrow (after the time when Da is expressed at high levels).
Thus, failure of R1, R6, and R7 differentiation within large examined Da or Ato expression in either patches of eye disc
cells or whole eye discs lacking the function of the otheradult da0 clones is an indirect effect of the absence of R8,
whose presence is necessary for the establishment of omma- gene.
tidial formation (Jarman et al., 1994).
da Regulates Ato Expression in the MF
da Protein Expression Is Modulated across the Ato expression was analyzed in eye discs in which da0
Developing Eye mutant tissue [those cells not expressing the myc epitope
tag (in green) in Fig. 3] included a portion of the MF and thePrevious reports of Da protein expression have described
ubiquitous expression by all imaginal disc cells and have normal Ato expression domain. In MF-spanning da0 clones,
no or very little Ato protein expression was observed insuggested that protein levels vary within these tissues
(Cronmiller and Cummings, 1993; Vaessin et al., 1994). To apical confocal sections, which is the normal position for
photoreceptor cell nuclei at the time of differentiation (Figs.resolve subtle variations in Da expression, we used a mono-
clonal antibody to analyze the distribution and levels of Da 3A and 3C). Basal focal sections of these same clones re-
vealed that Ato expression was still present but it was ab-throughout the eye imaginal disc. Antibody labeling experi-
ments revealed a low level of nuclear Da protein to be pres- normal in two respects: either it was shifted posteriorly (Fig.
3B) or expressed in a wider than normal stripe (Fig. 3D). R8ent within all eye disc cells as well as elevated expression
in the MF (large arrows in Figs. 2B and 2F; see Vaessin et al., expression of Ato within da0 cells was also abolished (Figs.
3B and 3D).1994). Elevated Da expression is ®rst seen as a dorsoventral
stripe, several cells wide, at the anterior side of the MF that The different effects of the loss of da upon early, striped
Ato expression can be correlated with the shape and posi-rapidly resolves into expression in single cells within the
two to three ommatidial rows of the posterior portion of tion of the da0 clones. In patches of da0 tissue that include
anterior cells, MF cells, and more posterior tissue, we ob-the MF (small arrows in Figs. 2B and 2F). The cell expressing
high levels of Da in these forming ommatidia appears to be served delayed striped Ato expression by da0 cells (Figs.
3A and 3B). However, when da0 clones were narrow andin the position of photoreceptor cell R8. To determine more
precisely which cells express high levels of Da protein, mul- included only cells within the MF, striped expression of Ato
in the basal region of the MF appeared wider than normaltiple label experiments were performed with antibodies to
other HLH proteins such as Hairy (Fig. 2E) and Ato (Figs. (Figs. 3C and 3D). These effects upon early Ato expression
were unexpected, as the loss of da function in the forming2G and 2H) and with the scabrous enhancer trap line, an
early marker of R8 cells (Figs. 2C±2E). The stripe of elevated R8 cell (and subsequently loss of Ato expression) should be
suf®cient to account for the inability of photoreceptor cellsDa expression within the MF immediately precedes R8 dif-
ferentiation, as marked by sca-driven b-gal expression (Figs. to differentiate in da0 clones (Fig. 1 and Table 1). When
patches of da0 tissue were located strictly anterior or poste-2C±2E). There is also coexpression of high-level Da and b-
gal within R8 cells (small arrows in Fig. 2D). The anterior rior to the MF, there was no effect on Ato expression (data
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not shown), further suggesting that da function is autono- Figs. 4B and 4D. In early and mid third instar ato1 eye discs,
we observed the presence of high levels of Da protein withinmous (Table 1) and implying that da may selectively act on
Ato in the MF. the MF (arrow in Fig. 4B), as well as abnormally elevated
levels of Da protein anterior to the MF (compare Figs. 4AThese results demonstrate that loss of da function does
not affect the activation of striped Ato expression at the and 4B). This indicates that ato does not appear to affect
the expression of early striped Da expression in the MF.anterior side of the MF. However, because this striped ex-
pression within da0 mutant tissue is only found basally Da expression in late third instar and early pupal ato1 eye
discs, however, is absent except for an occasional Da/ celland never resolves into R8 cell expression, two possible
mechanisms of da regulation upon Ato are suggested. da (Fig. 4D and data not shown). As eye development proceeds
in the absence of functional ato gene product, photoreceptormay only be required for the expression of Ato within R8
cells such that when da function is absent, the proneural cell proneural determination and subsequent differentiation
do not occur, resulting in massive cell death (small arrowsdetermination of the R8 cell, and therefore Ato expression,
is abolished. Alternatively, da may function in another cel- in Fig. 4D and Jarman et al., 1994, 1995). It is at this time
that the cessation of all Da expression was observed. Therelular process within the MF upon which photoreceptor cell
determination depends (see below). It is important to point are several potential explanations for the loss of Da in older,
and not younger, ato0 eye discs. One possibility is that atoout that either one or both of these possibilities are plausible
and could account for the failure of Ato expression to re- function may be directly required for the maintenance of
Da expression. Alternatively, Da expression may cease insolve into R8 expression, as well as for the inability of MF
cells to differentiate (and therefore rise apically). The second ato0 cells due to the interruption of the circular regulatory
program for the progression of morphogenesis (Brown et al.,hypothesis, however, may also explain the expansion/delay
of striped Ato expression by da0 MF cells. From these data 1995; Heberlein and Moses, 1995) and/or the resulting cell
death. Both possibilities are equally likely and not mutuallywe conclude that while normal da function is not necessary
for the activation of Ato in the anterior MF, it is required exclusive. However, we favor the second alternative over
the ®rst because Jarman et al. (1995) have recently shownfor proper spatiotemporal localization of Ato striped expres-
sion. In contrast, the expression of Ato within the R8 cells that the MF is able to initiate and move a short distance in
ato0 eye discs, implying that it is the lack of differentiatingof forming ommatidia is absolutely dependent upon normal
da function. cells that interrupts MF progression in these mutant eyes.
MF Progression Is Interrupted in da0 ClonesLoss of ato Affects Late Da Expression
Given the effects of loss of da function on Ato protein If loss of da function affects another eye developmental
process, such as MF progression, it may account for theexpression, it was also important to examine Da expression
in eye discs lacking ato function. We were especially inter- abnormal Ato expression pattern observed in da0 clones.
We also examined the shape and position of the MF itselfested to test whether elevated Da protein expression within
the MF is due to positive regulation by ato. Third instar in da0 clones. Eye discs containing da0 clones (those cells
not expressing a myc epitope tag, shown in green) locatedeye discs homozygous for the null mutation, ato1 (Jarman
et al., 1995), were stained with anti-Da and are shown in within or spanning across the MF were stained with rhoda-
FIG. 3. da regulates the expression of Ato in the furrow. Confocal images of eye discs containing daUX136 clones labeled with anti-myc
(wild-type cells express the myc epitope and are labeled in green) and anti-Ato (pink). Anterior is to the left in all panels. Large arrows
mark the position of the furrow in wild-type tissue. Bar  25 mm. (A and B) Optical sections through apical (A) and basal (B) focal planes
of an eye disc with a da0 clone that spans the MF. In the apical focal plane, nuclear Ato protein expression appears to be absent within
the clone. Examination of this eye disc at a more basal plane (B) reveals that da0 MF cells express Ato protein in a striped pattern,
although this expression is shifted inappropriately posterior relative to adjacent wild-type tissue. The R8 expression of Ato, however, is
absent in da0 tissue at all focal levels within the eye disc. Lack of this expression may be due to either the failure of R8 cells to form in
da0 tissue or to a more direct effect of da upon Ato expression. (C and D) Optical sections through a mosaic eye disc in which a da0
clone is located within the MF. At apical levels (C), early, striped Ato expression is reduced in level. Ato expression within wild-type R8
cells immediately posterior to the clone is easily seen (small arrows in C). However, a basal view of the region of the MF lacking da
function (D) illustrates that early Ato expression is abnormally expanded. The resolution of Ato expression into single R8 cells is absent
within a small portion of this clone that extends more posteriorly (arrowhead in both C and D).
FIG. 4. Da expression is abnormal in ato1 eye discs. (A and C) Elevated Da protein is expressed within the MF of wild-type eye imaginal
discs. The eye disc in A was taken from a mid third instar larva and the eye discs in C were dissected from wild-type larvae at 0 hr
pupation. Arrows mark the position of the MF in both panels. (B) Da protein expression is activated in a striped pattern within early and
mid third instar homozygous ato1 eye discs. In addition, Da protein is inappropriately expressed at high levels by cells ahead of the MF
(compare B and A). The arrow marks the position of the MF. (D) Da expression is abolished in older ato1 eye discs dissected from an ato1
larva at 0 hr pupation. Small arrows denote rounded up or blebbed cells, characteristic of dying cells. It was not possible to mark
unambiguously the position of the MF in this eye disc. Anterior is up (B, C, D) or to the left (A, C). Bar  50 mm.
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FIG. 5. Loss of da interrupts MF progression. Mosaic eye discs containing patches of da0 tissue are shown in all panels. Wild-type cells
express the myc epitope shown in green in A, C, E, and F. Large arrows mark the position of the MF in all panels. Anterior is to the left
in A, B, and E and up in C, D, and F; bar  25 mm in A and B, 50 mm C±F. (A and B) Eye disc containing two daUX136 clones. This eye
disc was also labeled with rhodamine±phalloidin (red), which binds to actin ®laments and outlines cells. The position of the MF is
highlighted by the high intensity of this staining due to the apical constrictions of MF cells (large arrows in both panels). The bottom
clone encompasses the MF and lacks apical constrictions in da0 MF cells. The second (top) clone is positioned slightly more posterior
to the position of the MF. Note that apically constricted cells are present along the border of da0 and wild-type cells immediately anterior
to the clone (A). Arrowhead in A and B points to an anterior da0 cell rounding up to divide. Arrows in B denote wild-type posterior cells
also in the process of dividing. da0 posterior patches of cells do not contain such rounded cells. (C) Mosaic eye containing a small patch
of daUX136 cells located predominantly within the MF. Phalloidin staining (red) delineates a wavy line of apically constricted cells (small
arrows) that colocalize with the anterior border of the clone. The absence of ommatidial formation is also apparent in the posterior portion
of this clone. (D and F) Eye disc doubly labeled for Dpp protein in red (D) and anti-myc in green (F). Dpp protein is not expressed by da0
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mine phalloidin, which binds to actin ®laments and de®nes gest that E2A regulates cell growth and in particular the
progression of cells into G1. Therefore, it was plausible tocellular outlines (Condic et al., 1991), highlighting the api-
cal constrictions of cells within the MF. Figures 5 an 6 show test whether da participates in the regulation of the cell
cycle within the Drosophila eye. Phalloidin labeling, in ad-several examples of such da0 patches of cells and their
effects upon the MF. When da0 clones encompass the MF, dition to highlighting the apical constrictions of MF cells,
accentuates the rounded cell pro®les of dividing M phasewe observed the loss of apical cell constrictions (Figs. 5A±
5C), suggesting that MF progression may stop in the ab- cells (Figs. 6A and 6B). da0 patches of cells posterior the
MF, including the second wave of mitosis, never containedsence of da function. This does not appear to be the case
since the MF (de®ned here as constricted cells) reforms once such rounded cells (Fig. 6B). By contrast, da0 cells anterior
to the MF exhibited rounded cell pro®les, suggesting thatit exits the anterior side of da0 mutant tissue (Figs. 5 and
6). It is important to note that only the apical constrictions they are able to divide normally (arrowhead in Figs. 5A
and 5B).of da0 cells within the MF are eliminated, as the rhoda-
mine±phalloidin outlines of these cells still persist (N. L. To further investigate the role of da in cell cycle progres-
sion both anterior and posterior to the MF, cyclin B expres-Brown, unpublished observation).
dpp has been shown to function nonautonomously in MF sion (a G2 phase cyclin, Knoblich and Lerner, 1993; Whit-
®eld et al., 1990) and propidium iodide staining of mitoticpropagation (Heberlein et al., 1993). If dpp is absent in da0
MF clones, this could account for the lack of apically con- ®gures (thus marking cells in M phase) were examined in
da0 imaginal disc cells. Figure 6F shows normal expressionstricted da0 cells and may also explain how the MF appears
to ``reform'' at the anterior border of da0 MF patches of of cyclin B in a large clone of da0 cells located anterior to
and within the MF. However, da0 cells posterior to the MFcells (Figs. 5A±5C and 6A and 6B). A polyclonal antibody
to Dpp (Panganiban et al., 1990) revealed that Dpp protein do not express cyclin B (Figs. 6G and 6H). The effect of loss
of da upon posterior cell division, and not the anterior cellexpression is absent in da0 MF cells (Figs. 5D and 5F).
However, this effect upon Dpp expression was only ob- cycle, was also observed in propidium iodide labeling of M
phase cells (Figs. 6C±6E). By comparing the expression ofserved when da0 patches included adjacent posterior tissue
(Figs. 5D and 5F). If da0 cells were located strictly within these three markers in patches of da0 cells both ahead of
and behind the MF, we conclude that da function is im-the MF or included both MF cells and anterior cells, Dpp
expression was normal (data not shown). This suggests that portant for the proper progression of posterior, undifferenti-
ated cells through at least the G2 and M phases of the cellthe effect of loss of da upon Dpp may be an indirect conse-
quence of losing da function within differentiating photore- cycle.
ceptor cells posterior to the MF. One possible explanation
for these observations would be that hh expression is lost
in posterior da0 cells, and dpp expression within the MF DISCUSSION
depends upon differentiated cells expressing hh. When hh±
lac Z expression (Lee et al., 1992) was examined in da0 da Is a Photoreceptor Cell Proneural Gene
clones posterior to the MF, this expression was totally lost
within da0 cells (Fig. 5E). Although this observation may We have examined the role of the pleiotropic, regulatory
gene da in photoreceptor cell development and found it tosuggest that da positively regulates hh, it could also be
attributed to the failure of da0 cells to differentiate within be required at a very early stage of neurogenesis within the
developing eye. In embryonic processes known to requirethe MF, eliminating their subsequent ability to express hh
posterior to the MF. The lack of overlap between cells ex- da function, this bHLH gene partners with other speci®cally
expressed bHLH genes, such as AS-C genes in embryonicpressing high levels of Da protein within the MF (Figs. 2A,
2B, and 2F) with cells expressing hh mRNA or lac Z reporter PNS development. Consistent with this mode of action, we
have observed elevated Da expression and cell autonomousexpression posterior to the MF (Ma et al., 1993) further
suggests that the latter explanation is most likely. da function in conjunction with that of the eye proneural
gene, ato. The integration of these ®ndings with those of
Jarman et al. (1993), demonstrating that da is a heterodim-The Second Mitotic Wave Requires da eric binding partner with ato, suggests that da functions in
the proneural determination of photoreceptor cells. Unex-Peverali et al. (1994) have demonstrated that overex-
pression of proteins encoded by the E2A gene, a vertebrate pectedly, our analysis of da within the developing eye also
revealed that da function is necessary for both normal Atohomolog of da, suppress cell proliferation. Their results sug-
MF cells. The expression of Dpp to the right of the da0 clone is present in another focal plane due to folding of the eye disc. (E) Eye disc
containing a da0 patch of cells posterior the MF (large arrow). One copy of a hh±lac Z construct containing a nuclear localization signal
was crossed into ¯ies used to generate mosaic eye discs. da0 cells (those cells not expressing myc in green) also do not express b-
galactosidase (shown in red). hh±lac Z expression is visualized by a polyclonal rat antibody to the lac Z gene product, b-galactosidase.
Scale bar in A±F  50 mm.
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expression and the second wave of mitosis and likely indi- pear to exert their regulatory effects within the MF, where
they are expressed at high levels in exactly the same cells.rectly affects MF progression.
Because da function is critically required for the In particular, the effect of loss of da upon Ato expression
is manifested only within posterior MF cells. Third, ato andproneural determination of all photoreceptor cells that dif-
ferentiate within the MF (and absolutely required for R8 da in¯uence each other's expression in unexpected ways.
Da protein expression is upregulated in early ato1 eye discsformation), we propose that da, like ato, is a proneural gene
for photoreceptor cell development. Further support of this anterior to the MF, by cells that would normally contain
ato mRNA (Jarman et al., 1994, 1995) but not Ato proteinconclusion lies in the cell-by-cell correspondence of ele-
vated levels of Da protein expression with Ato in the MF (Fig. 2D of this paper and Fig. 1C of Brown et al., 1995).
Hairy expression is also inappropriately expanded anteriorlyand the cross-regulatory interactions of these two genes. It
is interesting to note that while the mosaic analyses of da within ato1 mutant eyes (Jarman et al., 1995). Finally,
striped Ato expression is expanded and/or delayed posteri-(this paper) and ato (Jarman et al., 1994) strongly implicate
these two genes as essential components of the proneural orly in patches of da0MF cells. To clarify the precise nature
of these cross-regulatory interactions it will be essential todetermination of R8 cells, these analyses demonstrate dif-
ferences in the requirements for ato and da in R2±R5. da identify the direct targets of da and ato regulation.
function is very highly required by all four of these cell
types (Table 1) while ato function is only weakly required
da Regulates G1 Progression within the Eyein R2 and R5 and not at all in R3 and R4 (Jarman et al.,
1994). Such a distinction is consistent with the presence of As cells enter the MF, they are synchronized at the G1
low levels of Da protein in R2±R5 (and the absence of Ato phase of the cell cycle and begin pattern formation (Ready
protein in those cells) and suggests a separate function for et al., 1976; Thomas et al., 1994). Cells in G1 appear to
da in these cells. Additionally, because photoreceptor cells choose between two possible developmental pathways, ei-
R1, R6, and R7 differentiate posterior to the MF and do not ther to leave the mitotic cycle entirely and differentiate or
require either da or ato, is plausible that an undiscovered to reenter cell division. Both of these events fail to occur
proneural gene for these cell types may exist. in da0 eye disc cells. Loss of da function is autonomously
required for the differentiation of R8 cells and also strongly
required by the other photoreceptor cells that differentiateCross-Regulation between ato and da
within the MF. Additionally, undifferentiated cells that
would normally reestablish the cell cycle posterior to theDa and Ato protein expression in ato0 and da0 cells,
respectively, re¯ects the precise temporal and spatial regu- MF (at least the G2 and M phases) fail to do so when they
are da0. Because both aspects of G1 progression are affectedlation of gene expression within the MF. While interpreta-
tion of these experiments is complicated by the interdepen- in da0 clones, we propose that da is required for G1 progres-
sion within the Drosophila eye. This role for da is distinctdence of cellular processes within the eye, the correlation
of the highly regulated expression of these two nuclear pro- from that of the cell cycle regulator, roughex, which is re-
quired for the initiation of G1 and which (unlike da) affectsteins with mutant mosaic studies suggests several levels of
ato and da regulation and function. First, both Ato and the expression of cell cycle markers ahead of the MF
(Thomas et al., 1994).elevated Da striped expression are initially activated nor-
mally in the absence of the other. Second, these genes ap- The data presented in this paper support the following
FIG. 6. da function is necessary for reentry into the cell cycle by cells posterior to the MF. (A and B) An eye disc containing a daUX136
clone shown at two different focal planes. The basal focal plane shown in A illustrates the apparent reformation of the MF (apically
constricted cells) in wild-type tissue immediately anterior to the clone as well as the absence of ommatidia within more posterior da0
tissue (cells not expressing a myc epitope tag shown in green). B is a more apical focal plane of only rhodamine±phalloidin staining better
illustrating cellular outlines across this eye. Small arrows point to rounded wild-type cells undergoing mitosis in an ordered wave posterior
and parallel to the MF. These mitotic cell pro®les are absent in posterior da0 cells (n  7 clones) but not in cells anterior to the MF (n
 4 clones; see arrowhead in Figs. 5A and 5B). (C to E) Mosaic eye disc containing two da0 clones, shown in C as cells not expressing a
ubiquitous myc epitope tag. This eye disc was also labeled with propidium iodide to identify cells in mitosis. At apical confocal levels
in this eye disc, chromosomes lined up along the metaphase plate in dividing (M phase) cells are clearly seen as bright mitotic ®gures
(small arrows in D and E). In the apical focal plane shown in D, no mitotic ®gures are seen in either da0 clone. However, due to the
curvature of the disc, when more basal focal planes are examined mitotic ®gures ahead of the MF can be easily seen in da0 anterior cells
(arrowhead in E) but not in da0 posterior cells (n  5 anterior clones and 7 posterior clones showing this effect to be speci®c to posterior
cells). Dotted lines in D and E mark the boundaries of da0 patches of cells. (F) Merged confocal image of anti-cyclin B labeling (red) and
anti-myc labeling (green) of an eye disc containing a da0 clone located ahead of the MF. cyclin B expression appears normal in cells
anterior to the MF (12 of 12 anterior clones examined had normal cyclin B expression). (G and H) Eye disc containing a patch of MF and
posterior da0 cells. G is a merged confocal image with anti-myc (green) and cyclin B (red). In da0 cells posterior to the MF, cyclin B
expression is abolished (9 of 9 clones that included posterior cells). H shows the expression of cyclin B alone at the same focal plane as
in G. Large arrows in all panels mark the position of the MF, and anterior is up in all panels. Scale bar in A±H  50 mm.
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Brown, N. L., Sattler, C. A., Paddock, S. W., and Carroll, S. B.model for multiple functions of da during photoreceptor
(1995). Hairy and Emc negatively regulate morphogenetic furrowcell development. Ahead of the MF, Da is expressed by all
progression in the Drosophila eye. Cell 80, 879±887.cells at a low level. Interestingly, the proneural antagonist,
Brown, N. L., Sattler, C. A., Markey, D. R., and Carroll, S. B. (1991).Emc, is present at its highest level (Fig. 1D of Brown et al.,
hairy gene function in the Drosophila eye: Normal expression is1995) in these cells. These two proteins form nonfunctional
dispensable but ectopic expression alters cell fates. Development
heterodimers in vitro (Van Doren et al., 1991), suggesting 113, 1245±1256.
that emc may prevent premature proneural development Cabrera, C. V. (1992). The generation of cellular diversity during
anterior to the MF in this manner. Interestingly, Peverali early neurogenesis in Drosophila. Development 115, 893±901.
et al. (1994) demonstrated that the vertebrate homolog, Id, Cabrera, C. V., and Alonso, M. C. (1991). Transcriptional activation
promotes cell cycle progression, by speci®cally binding to of heterodimers of the achaete±scute and daughterless gene
products of Drosophila. EMBO J. 10, 2965±2973.E2A proteins, suggesting that emc may also be multifunc-
Campos-Orlega, J. A. (1988). Cellular interactions during early neu-tional within the developing eye. Closer to the MF, Emc
rogenesis in Drosophila melanogaster. Trends Neurosci. 11, 400±expression grades downward, possibly to release Da protein
405.and allow cells to become neuronally competent. Cells im-
Camuzano, S., and Modolell, J. (1992). Patterning of the Drosophilamediately anterior to the MF also express high levels of
nervous system: The achaete±scute gene complex. TrendsHairy protein (which functions either synergistically or in
Genet. 8, 202±208.
tandem with Emc to prevent neuronal differentiation prior Carroll, S. B., and Whyte, J. S. (1989). The role of the hairy gene
to cell entry into the MF). Within the stripe of Hairy expres- during Drosophila morphogenesis: Stripes in imaginal discs.
sion, cells synchronize their cell cycle, a process that re- Genes Dev. 3, 905±916.
quires both string and roughex. As cells enter the MF, and Caudy, M., Grell, E. H., Dambly-Chaudiere, C., Ghysen, A., Jan,
therefore G1, they initiate high levels of Ato and Da expres- L. Y., and Jan, Y. N. (1988). The maternal sex determination gene
daughterless has a zygotic activity necessary for the formationsion, while simultaneously abolishing Hairy expression and
of peripheral neurons in Drosophila. Genes Dev. 2, 843±852.expressing Emc at very low levels. Ato/Da heterodimers
Condic, M. C., Fristrom, D., and Fristrom, J. W. (1991). Apical cellwould form within MF cells that coexpress these two pro-
shape changes during Drosophila imaginal disc elongation: Ateins, and such heterodimers would proneurally determine
novel morphogenetic mechanism. Development 111, 23±33.an R8 cell within each forming ommatidium. In addition,
Cronmiller, C., and Cummings, C. A. (1993). The daughterlessDa functions within all other MF cells possibly to promote
gene product in Drosophila is a nuclear protein that is broadly
differentiation (R2±R5) or reentry into the second wave of expressed throughout the organism during development. Mech.
mitosis posterior to the MF. Dev. 42, 159±169.
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